The membrane attack complex (MAC) is an ancient component of immune defense that assembles lytic pores in pathogen membranes. Results: Structural comparisons between C6 and C8 reveal the available conformations of MAC proteins. Conclusion: We propose a critical role for the "auxiliary" domains in driving and regulating assembly. Significance: The model rationalizes the sequential and unidirectional nature of assembly.
The complement system is an ancient component of vertebrate immune defense (1) . One major end point of complement activation is the formation of the membrane attack complex (MAC), 2 which is a circular multiprotein assembly that can embed into a phospholipid membrane of a target cell generating a large pore (2) (3) (4) (5) . Deficiencies in any of the MAC components cause enhanced susceptibility to Gram-negative bacterial infections such as those caused by Neisseria meningitidis (6 -8) .
The mature MAC includes single copies of C5b, C6, and C7 and the heterotrimeric C8␣␤␥ complex and 12-18 copies of C9 (2) (3) (4) (5) . All MAC components, except C5b and C8␥ (a small protein attached to the side of C8␣), contain a homologous central region of ϳ350 amino acids termed the membrane attack complex-perforin (MACPF) domain (9, 10) . MAC assembly starts with proteolytic cleavage of complement component C5 (M r ϳ196,000), giving rise to a large fragment, C5b (M r ϳ185,000), which forms an initial complex with C6 and C7 at the membrane surface ("C5b-7") (3, 11) . C5b-7 then binds C8␣␤␥ to form the "C5b-8" complex, which then binds sequentially to multiple copies of C9 to form the mature MAC (3, 12) , a circular SDS-stable complex with an internal diameter of ϳ100 Å that constitutes the lytic pore (13, 14) . Radiolabeling experiments indicate that in the mature MAC all MACPF components insert at least partially into the membrane, with C8␣ and C9 being the most highly labeled (15) (16) (17) . Although the order in which the MAC components assemble is known, the structural and regulatory bases of initiation and propagation of pore assembly are not understood.
An unexpected structural similarity between the MACPF domain and a family of bacterial cholesterol-dependent cytolysins (CDCs) led to the suggestion that MACPF proteins function analogously by assembling into a ring on the target membrane and inserting ␤-hairpins to create a contiguous ␤-barrel that forms the lumen of the pore (18, 19) . The dimensions of the mature MAC derived from EM images (20) are consistent with such a model, in which two helical clusters (which we call CH1 and CH2) from the MACPF domain unfurl to form two ␤-hairpins (referred to as trans-membrane hairpins in the CDCs) (18) . It should be noted that the predicted hairpins are twice as long as in the CDCs, and there is no evidence that a circular "prepore" intermediate forms above the membrane prior to insertion (18, 21) . Available evidence points instead to an assembly pathway in which each MAC protein attaches and inserts sequentially into the membrane (3, 13) .
Perforin is the only other mammalian member of the MACPF family whose structure is known (22) ; its role is to form homo-oligomeric lytic pores in infected or transformed host cells (23, 24) . A recent crystallographic and EM study of the perforin pore supported the ␤-barrel hypothesis, but the authors proposed that the MACPF domain had a reversed orientation with respect to models of the CDC pore (22) . However, the packing between MACPF domains in the first crystal structure of a full-length MAC protein, the C8␣␤␥ complex, supports a CDC-like organization for the MAC (25) .
C6 is the longest of the MAC proteins. In its monomeric form, it is a single chain plasma glycoprotein of M r ϳ106,000, consisting of 913 residues folded as nine auxiliary/regulatory domains complementing the MACPF core. Although the precise functions of the auxiliary domains are unclear, their importance in MAC assembly is supported by several studies. For example, two independent studies (using deletion mutants) demonstrated that the N-terminal modules of C8␣ (TS2 and LR) are strictly required for MACPF formation and hemolytic activity, although deletion of the C-terminal TS3 domain greatly reduced activity (26, 27) . A study on C9 provided evidence for regulatory roles for the N terminus and TS2 domain; thus, short deletions at the N terminus promoted MACPF formation, and deletions or mutations within the TS2 domain caused nonproductive C9 self-polymerization (28) .
Here, we describe the crystal structure of full-length C6 at 2.85 Å resolution. Comparisons with complement C8 and perforin, as well as with the broader family of CDCs, led us to propose an atomic model of initiation, regulation, and propagation of assembly of the MAC, in which the key process is the sequential template-driven opening of the MACPF ␤-sheet of each new component as it is recruited to the growing pore. In this model, the auxiliary domains play critical roles in the initial assembly of the C5b-8 initiation complex, in driving and regulating sheet opening, and in stabilizing the final pore.
EXPERIMENTAL PROCEDURES
Protein Production-Complement C6 was purified from human plasma by a modification of a published procedure (29) . The steps included barium citrate depletion of the vitamin K proteins, 4 -12% polyethylene glycol precipitation, DEAE-Sephadex column chromatography, euglobulin precipitation, gel filtration on Sephacryl-300, dextran sulfate-Sepharose column chromatography, and rabbit anti-contaminant IgG-Sepharose 6B.
Crystallization and Heavy Atom Derivatives-Small crystals of C6 were prepared in batch by incubating protein at 11 mg/ml in 5 mM MES, pH 5.8, 80 mM NaCl, and 10 M CdCl 2 at 1°C for 2 weeks and then at 6°C for 3-4 weeks, resulting in large (ϳ300 m) rhombic bipyramidal crystals. They were cryoprotected by addition of pure glycerol to the crystallization liquor to a final concentration of 28% v/v. Heavy atom derivatives were obtained by soaking crystals in mother liquor and heavy atoms at concentration/times as follows: Ta 6 Br 12 (data set 1, 1.0 mM/4 h; data set 2, 0.5 mM/12 h; K 2 PtCl 4 (0.1 mM/4 h); (NH 4 ) 2 OsCl 6 (0.5 mM/2 h); and K 2 IrCl 6 (0.5 mM/2 h).
Data Collection and Structure Solution-All data were collected at SSRL beamline 9-2. Data were processed using IMOS-FLM and CCP4i (30, 31) . Several native data sets were collected to obtain the highest isomorphism with the heavy atom derivatives. Initial phases were calculated using a 3.5 Å native data set (Nat-2) and five derivatives ( Table 1 ). The best diffracting crystals (Nat-2), which were less isomorphous, were used for the final model refinement. Data extended to 2.85 Å in the nest directions but were truncated ellipsoidally (32) because of significant anisotropy in the 3.0 to 2.85 Å resolution shell, reducing its completeness to ϳ60%. Heavy atom sites were determined by SOLVE (33) and refined with SHARP (34). Initial phasing power was poor above 4 Å, but the high solvent content of the crystals (64%) allowed SHARP to extend the phases to 3.5 Å using density modification.
The initial map quality was reasonable for this resolution but did not permit automated chain tracing. Structural homologs were therefore identified for each domain using FFAS (35) , and three-dimensional models were built by omitting insertions and substituting nonidentical amino acids with serines. The following structures were used as templates (PDB entry/% identity): MACPF-C8␤ (2RD7/25%); TS1-TS3 (1LSL/29 -45%); LR (1CR8/50%); CCP1 (1HO4/30%); CCP2 (3KXV/25%), and FIM1-FIM2 (2WCY/30%).
The MACPF domain, TS1 domain, and CCPs were readily located in the 3.5-Å experimental map using real space molecular replacement with FFFEAR (36) , and a distinct conformation for the MACPF was immediately apparent. These domains fixed the topology of the molecule, enabling the remaining domains to be identified in the experimental map. Because of the low sequence identity of many templates (sometimes with distinct disulfide linkages), the domains were built manually, using the templates as guides. Side chains were built first in the well resolved fragments and then in the less ordered domains as refinement progressed. Rigid-body refinement of domains was followed by torsion angle refinement using simulated annealing and refinement of individual B-factors using CNS (37) in the phased target function (maximum likelihood (amplitude and Hendrickson-Lattman coefficients)) mode with the 3.5-Å (Nat-2) data set. The model was then refined in PHENIX (38) using the 2.85-Å (Nat-1) data set with experimental phase restraints removed (ML mode). Reciprocal space refinement was iterated with manual model building and real space refinement in COOT (39) .
The final cycles included the refinement of nine translation/ libration/screw (TLS) groups (assigned to individual protein domains), bulk solvent/scale corrections, and individual atomic coordinates and B-factors. Final refinement statistics are presented in Table 1 . Stereochemical quality was validated with PROCHECK (40) . Figures were prepared with PyMOL and CHIMERA (41) .
Residue B-factors are shown schematically in supplemental Fig. 1 . Some domains had limited intramolecular or crystal lattice interactions, leading to high B-factors (100 -200 Å 2 ). Electron density for the last FIM domain (residues 834 -913) was diffuse and fragmented, but rigid-body refinement of a homology-based model reduced the R FREE by 0.38%, supporting its presence at that location. Electron density is absent for interdomain linker residues 243-259, 591-600, 605-619, and 744 -755. For illustrative purposes only, these fragments were built as extended coils to show the domain topology.
The map revealed seven glycosylation sites (N-glycosylation of Asn-303, O-glycosylation of Thr-17 and Thr-371, and ␣1-C␦-linked mannosylation (42) of Trp-8, Trp-11, Trp-547, and Trp-550). The sugar moieties at Asn-303 were built as ␤1-OG1-and ␤1-4-linked N-acetylglucosamine. Two sugar moieties at Thr-17 were built as ␣1-OG1-linked fucose and ␤1-3-linked glucose by analogy with other thrombospondinlike repeat domains (e.g. PDB entry 3GHN). There is no information about glycosylation at Thr-371, but based on the density it was built as OG1-␣1-linked fucose. N-Glycosylation is predicted at Asn-834 (43, 44 
RESULTS
Overall Structure of C6-The crystal structure of C6 was solved by a combination of experimental phasing and molecular replacement at ϳ3 Å resolution (see "Experimental Procedures," Table 1 , and supplemental Fig. 1 ). Interpretable electron density exists for all domains except for FIM2 (see below) and some interdomain linkers. The nine auxiliary domains are generally small and rigid, ranging in size from 35 to 75 residues and containing 2-5 disulfide bonds. In contrast, the large MACPF domain contains only one intradomain disulfide bond.
C6 has the overall shape of a seahorse, a rather flat molecule with a head-to-tail distance of 215 Å (Fig. 1) . The MACPF domain (residues 160 -501) itself is only 75 Å tall, and the additional height of C6 is accounted for by auxiliary domains as follows: in particular, four C-terminal domains (complement control protein ("CCP") modules and factor I modules ("FIMs") that extend from the upper body of the MACPF core. These auxiliary domains are found only in C6 and C7 among the late acting components of complement ( Fig. 1 and supplemental  Fig. 2 ). The overall shape is consistent with EM images of C6 and C7, although a more compact conformation is often observed for the C-terminal domains, in which the "head" folds back onto the main body (11, 43) . In addition, C6 has a unique N-terminal thrombospondin-like domain ("TS1") that forms a protrusion from its base that was observed in the earlier EM comparisons. TS1 also has an unusual helical insert at its base with amphipathic properties that may promote membrane targeting/specificity (supplemental Fig. 3 ). Intriguingly, perforin and the bacterial cytolysins have a similar membrane-binding domain at their base, although it is attached to the C terminus ( Fig. 2 ).
C6 Adopts a Default Closed Autoinhibited State-
The central core of C6 adopts the typical MACPF organization, built around a central four-stranded ␤-sheet with up-down-updown topology (18, 22, 25) . The ␤-sheet bends abruptly in the middle and has extensive elaborations between and flanking the ␤-strands (Fig. 2) . The two ϳ50-residue helical clusters (CH1 and CH2) that are hypothesized to unfurl upon activation connect the ␤1-␤2 and ␤3-␤4 strands at the bottom of the central ␤-sheet. In our crystal structure, conformational rearrangements of CH1 are inhibited by a module (colored red in Fig. 2 ) comprising a long ␣-helix (which we call the "linchpin," residues 478 -498) and a rigid, disulfide-rich epidermal growth factor (EGF) domain. The module connects the upper and lower ends of the ␤-sheet, creating a central D-shaped enclosure in which the two helices of CH1 are packed. CH2, however, is located on the external (convex) face of the ␤-sheet and is stabilized by interactions with the ␤-sheet and another helical cluster, CH3, which is an insert in strand ␤4.
Most full-length monomeric MACPF/CDC proteins, including perforin and perfringolysin O (PFO) (Fig. 2) (19, 22, 45) , contain a highly bent ␤-sheet that is held shut by an analogous module, creating a similar enclosure that locks the CH1 helices in place. We consider this to be an auto-inhibited or "closed" conformation. By contrast, the C8 complex (25) EGF module, forming a Y shape (colored blue in Fig. 3 ). TS1 and TS2 form a tandem linear dimer (very similar to a dimeric module of thrombospondin-1 (46), see supplemental Fig. 3 ) that forms two arms of the "Y"; the module is stabilized by an interdomain disulfide bridge and O-linked glycosylation. The amphipathic N terminus of TS1 lies 50 Å below the body of the MACPF, whereas the TS1-2 interface packs tightly against the EGF module. TS2 then proceeds up the side of MACPF, without making further direct contacts. C-terminal to MACPF and the EGF domain (also at the base of MACPF), the chain makes an abrupt turn, folding as a third thrombospondin domain (TS3) that forms the third arm of the Y. TS3 behaves similarly to TS2, packing tightly against the (opposite face) EGF domain, before proceeding to the top of MACPF, but making few contacts along the way. Both ends of TS3 (in C6 and C7) are, however, disulfide-bonded to cysteines located N-and C-terminal to the linchpin helix. A close-knit array of disulfidebridged elements connects the EGF domain (in contact with CH1) through the base of the linchpin to the mid-section of TS3 on the exterior face of the molecule (distal to the presumed channel lumen). TS2 is not disulfide-linked to the EGF domain but is nevertheless connected via an extensive interface.
LR Domain Creates a Wedge-shaped Building Block at the Top of MACPF-Downstream of TS2, the polypeptide chain continues across the top of the MACPF, adopting a "low density lipoprotein receptor class A repeat" (LR module), which is stabilized by disulfide bonding and a divalent cation site. By analogy with homologous domains (47), Ca 2ϩ is likely to occupy this site in vivo (in our crystals, the site is occupied by Cd 2ϩ that was added to the crystallization buffer) (Fig. 3) . The module is very similar in C8 (25) , and sequence alignments suggest that identical binding sites will be found in all MAC MACPF domains (supplemental Fig. 2) .
The LR module augments the first segment of the consensus MACPF domain (a long loop that lies across the top of the upper ␤-sheet and includes two ␤-hairpins, one of which inserts into the central enclosure). Together, these elements form a wedge-shaped "building block." Thus, we found that the C6 wedge packs well against the same region of a model of C7 (applying the same transformation that relates homologous segments of C8␣ and C8␤ (25)), forming a tandem dimer with a curvature appropriate for the mature MAC. Importantly, this model places the convex face of the ␤-sheet on the inside of the pore, as proposed for the CDCs (Fig. 3B) .
C-terminal CCP Modules and FIMs Form Tandem Modules That Extend Above the Body of MACPF-Downstream of TS3
, the C-terminal 300 residues fold as tandem pairs of CCP modules and FIMs. In our crystal structure, these extend from the top of MACPF and make no contact with other modules. The CCPs form a tandem module with a small but significant interface whose sequence is conserved in C7 (supplemental Fig. 4) . Their fold and organization are similar to other complement proteins (factor H, CR1, and C4b-binding protein) that mediate protein-protein and protein-heparin interactions (48 -50) . The electron density for FIM1 is clear, and a reliable model has been built. Although the density for C6 FIM2 is fragmented, the domain location is clear and displays a very different FIM1/2 organization from that observed in the solution structure of the C7 pair, which forms a tightly packed pseudo-symmetric dimer (51) . The difference likely arises from an insertion between the two FIMs of C6 (a helix and disulfide-linked hairpin) that is absent in C7. Another difference is a positively charged face of C7 FIM1 implicated in binding to C5/C5b (51), which is negatively charged in C6 (supplemental Fig. 5 ).
There is evidence that C5 binds the FIMs of both C6 and C7 as part of the initial activation process leading to C5b-7 (52) (53) (54) . A naturally occurring variant of C6 lacking the FIM domains does, however, retain some activity (bactericidal efficiency is reduced ϳ10-fold (55)), suggesting that additional interactions occur. In our crystals, the extended organization for the two C-terminal module pairs has been selected, at least in part, by the lattice environment (supplemental Fig. 1) ; and it is possible that the structure mimics an early activated state of C6 in which the FIMs and CCP modules have been released from inhibitory binding sites on the upper surface of the MACPF that were inferred from EM images (11, 43) . This possibility is also supported by modeling studies of C6 and C7 linker sequences (supplemental Fig. 6) .
C6, C8␣, and C8␤ Contain Three Homologous Segments Related by Rigid-body Rotations about Two Distinct
Axes-In the case of the CDCs, manual fitting of crystallographic models into EM reconstructions of the pneumolysin pore (56) led to a model in which the ␤-sheets opened during the prepore-topore transition, promoting the reorganization of the helical clusters (equivalent to CH1 and CH2) into membrane-spanning ␤-hairpins. However, no such analysis of MACPF proteins has previously been described. Notably, sheet opening was not considered in the recent model of the perforin pore (22) . We therefore analyzed C6 and C8 using an objective procedure (DYNDOM (57) ) that compares homologous molecules and evaluates the extent to which quaternary differences can be described in terms of rigid-body motions of analogous segments/subdomains. This procedure identified three homologous segments ("upper," lower," and "regulatory") common to all three proteins (C6, C8␣, and C8␤) that are related by rigid-body rotations about two distinct axes (Fig. 4) . These segments are broadly equivalent to the D1-D3 domains defined for the CDCs. The upper segment includes the top part of the ␤-sheet (above its bend) that includes the ␤2-␤3 turn, the wedgeshaped unit that includes the LR module, and sequences downstream of ␤4, ending at the linchpin helix. The lower segment includes the bottom half of the ␤-sheet (below the bend), together with the CH1-3 helical clusters. The regulatory segment includes TS1-2, the EGF-like domain, and TS3. The conserved structures of these segments are revealed when the analogous segments are overlaid, giving root mean square main chain differences in the 1-Å range for pairwise comparisons (Fig. 4D and supplemental Fig. 7) ; note that the closed confor- The second disulfide bond Cys-500 -Cys-549 attaches TS3 to EGF. CCP modules and FIMs are omitted. B, model of two "wedge" domains (C6 and C7, viewed from the "top"), forming two putative building blocks that create the upper surface of the growing pore. Note the shape complementarity and curvature, which places the TS2 modules on the MAC exterior. Ca 2ϩ ions are labeled. The view includes only the tops of the subunits sliced near to the ends of the TS2 modules. mation observed in C6 is conserved in perforin (supplemental Fig. 7C) .
Evidence for Sheet Rotation ("Opening" and "Twisting") in MACPF Domains (Hinge Point 1)-Overlay of the upper segments of C6 and C8␣ shows that their upper and lower segments are related by a rigid-body rotation of ϳ35°about an axis ("Hinge Point 1") that passes through the bend in the ␤-sheet (Fig. 4) . This rotation may be further resolved into two components as follows: the first along the ridge formed by the bend in the sheet, leading to an opening of the sheet similar to that modeled for the CDCs (Fig. 4A) ; the second component is orthogonal to the first, leading to a "twist" of the sheet of a similar magnitude (counterclockwise, when viewed from the side presumed to form the channel lumen) (Fig. 4B) . The rotation equates to a relative translation of the lower edge of the ␤-sheet of C8␣ by as much as 20 Å. Because CH1 shifts in concert with the lower part of the sheet, whereas the linchpin, EGF domain, and ␤-hairpin do not, the CH1 enclosure is substantially opened in C8␣. This opening relaxes constraints on the CH1 helices, which accordingly show greater disorder and higher B-factors than in C6. The straightening of the sheet also appears to weaken the bonds between CH2 and CH3, which are packed against the outer surface of the sheet, because even greater disorder is observed in the CH2-CH3 interface. Indeed, in the case of C9, antibodies raised against CH3 provide evidence that the domain undergoes an order-disorder transition upon recruitment to the MAC (58). shown as a black circle, represented by the lower half of the ␤-sheet (i.e. the CH1-CH3 clusters follow this movement but have been omitted for clarity; see also supplemental Fig. 7) . Note that the sheet both "opens" (A) and "twists" (B). When C6 is compared with C8␤ (data not shown), there is a small opening of the sheet, but it does not twist. C, comparison of C6 (red) and C8␤ (cyan) after superposition of their upper segments, illustrating the ϳ35°rotation of the REGULATORY segment (TS2ϩEGFϩTS3) around hinge point 2, at the end of the linchpin helix. The view is the same as in B but is from the outside of the predicted pore. Note how the motion of the REGULATORY domain correlates with the twist of the ␤-sheet in B. When C6 is compared with C8␣ (data not shown), the motions are similar but smaller in magnitude. D, same view as in C, but here the overlay is on the REGULATORY domains of C6 and C8␤, showing their close superposition, and thus demonstrating that they behave as a rigid body.
FIGURE 5. Steric clashes at the C6-C7 interfaces drive reorganization of the dimer.
A, initial encounter complex was modeled by overlaying the upper segments of C8␣ and C8␤ in the C8␣␤␥ crystal structure with C6 and C7 (modeled on C6). Note that we do not know which of C6 and C7 is the clockwise partner, but our arbitrary choice of C6 does not affect the underlying mechanism. A close-up of the C6-C7 dimers, viewed from the outer face of the presumptive pore, shows where the TS2 domain of C7 clashes with C6, principally at the linchpin helix of C7. B, rotation of the regulatory segment (TS1-TS2-EGF-TS3) of the C7 structure about the axis marked (H) relieves the steric clash in A and creates a new (favorable) interface between C7 and C6, but a concerted rotation of the EGF domain creates new clashes between the EGF domain of C7 and the CH1 enclosure of C6. The lower part of TS2 also makes substantial clashes with this region. We hypothesize that these clashes are relieved by the opening of the C6 ␤-sheet and release of the CH1 helices to form ␤-hairpins (see schematic in Fig. 6 ). C, same dimer as in A but viewed from the opposite side (from inside the presumptive pore), illustrating a major clash of the CH3 element of C6 with the ␤-sheet of C7. C6 and C7 are both in the closed conformation. D, open structure of the C7-C6 dimer modeled on the C8␣ structure (for clarity, their CH1 and CH2 helices are not shown). Opening and twisting of the ␤-sheets removes all steric clashes, allowing the formation of an 8-stranded contiguous ␤-sheet. CH3 is present in all MAC components, and its displacement may contribute to unidirectional assembly.
Thus, the opening and twisting of the sheet may facilitate unfurling of both CH1 and CH2. Overlay of C6 with C8␤ shows that the sheet in C8␤ also opens, but to a smaller extent than in C8␣; and the sheet does not twist (not shown). Fig. 4C . When overlaid on their upper segments, compared with C6, the regulatory segments (TS2-EGF-TS3) of C8␣ and C8␤ rotate as a rigid body about hinge point 2, which is located near the end of the linchpin helix (centered at Phe-497 in C6). The rotations are similar in nature in C8␣ and C8␤ but twice as large in the latter, leading to shifts of Ͼ20 Å in parts of the C8␤ EGF domain. The direction of movement is nearly orthogonal to that of sheet opening and is parallel to (and commensurate with) the sheet twisting observed in C8␣ (compare the movements in Fig. 4, B and C) .
Regulatory Segment Rotates about a Distinct Axis at Base of Linchpin Helix (Hinge Point 2)-The second rigid-body motion is illustrated in
In our model, both TS2 and TS3 lie on the outer surface of the MAC pore. Observe that in following the rotation of the EGF domain TS3 appears to be "pulled down" the side of C6 MACPF (compared with C8), whereas TS2 is "pushed up." In C6 and C7, an analogous downward shift of TS3 is restrained by a disulfide connection at the top of the linchpin helix; however, modeling suggests that the flexible linker segment (residues 591-602) provides just enough slack to allow TS3 to adopt the position analogous to that seen in C8␤, and hence enable a similar movement of its EGF domain.
DISCUSSION
The discovery in the early 1970s of "neo-epitopes," antigenic surfaces present on the MAC but not on the monomeric components, led Kolb and Müller-Eberhard to conclude that "It is likely that the quaternary structure of the complex imposes conformational changes on the subunits" (59). Our crystal structure of C6, together with a detailed comparison with the recently determined structure of C8 (25), allowed us for the first time to propose the nature of this quaternary-tertiary linkage and how it controls MAC assembly.
Thus, we have shown how the conformational differences between crystal structures of C6, C8␣, and C8␤ (see Fig. 4 and supplemental Fig. 7 ) may be described in terms of rigid-body rotations of three conserved segments (upper, lower, and regulatory) about two distinct axes, leading to three distinct quaternary arrangements. We postulate that these conformational differences reflect distinct quaternary states of MAC proteins on the pathway to activation/assembly; and the C8␣␤␥ complex has evolved to adopt a partially activated but stable (in the absence of the C5b-7 complex) MACPF dimer.
Our initial model of MAC pore is based on the proposal of Lovelace et al. (25) , who found that iterating the tandem packing of C8␣ and C8␤ observed in the C8␣␤␥ complex led to a circular assembly that resembled poly(C9). In support of this model, we have shown how the LR domains on the crest of the B, C5b engages C6 and C7, initially via their FIMs, bringing them into apposition. An initial encounter complex between the wedge modules triggers rotation of the C7 regulatory module about the linchpin hinge (hinge point 2) to relieve steric clashes with C6. C, EGF domain of C7 rotates in concert with TS2 and TS3, inserting into the CH1 enclosure of C6, whereas TS2 forms a new C7-C6 interface. These processes open and twist the ␤-sheet of C6 (rotation about hinge point 2), enabling the release and unfurling of CH1 and CH2 to form ␤-hairpins that associate with the outer leaflet of the membrane, supported by the TS1 domain of C6. D and E, following encounter with the C8␣␤␥ complex, a similar process occurs, in which the regulatory element of C6 inserts its EGF domain into the C8␤ enclosure. The opening and twisting of the ␤-sheets allows the formation of a contiguous 16-stranded ␤-sheet. The amphipathic hairpins of C8␣ and C8␤ insert through the membrane bilayer. Typically, 12-14 C9 molecules will then add sequentially to the growing pore and insert into membrane until a complete circular MAC is formed.
upper segments of C6 and C8 create wedge-shaped building blocks. In addition to shape complementarity, we note that the "leading" and "trailing" faces of the wedge-shaped segments of each successive MACPF pair have complementary/opposite charges (supplemental Fig. 8) . The model orients the concave faces of the MACPF ␤-sheets toward the center of the pore (consistent with models of CDC pores), with the CH3 and C8␥ domains contained within the inner lumen, and the TS1-TS3 domains on the outer surface of the MAC.
This topological model of the assembled MAC does not by itself address the mechanisms of pore formation, but it does provide a structural framework for developing such models, which must include the steps of initiation, propagation, and the sequential, unidirectional recruitment of protomers that lead to the mature membrane-bound MACPF.
Model for MAC Propagation-What is the underlying mechanism that enables each monomeric recruit to spontaneously attach to the nascent pore and undergo a major conformational change leading to membrane insertion? The comparisons between C6 and C8␣␤␥ give us many clues. Thus, in C8␤, a large rotation of its TS2 domain (compared with C6 and C8␣) creates a new interface both with its own MACPF domains and with its clockwise neighbor (C8␣) that augments the binding between their upper segments. But our analysis suggests that a necessary consequence of this is a linked rotation of the C8␤ EGF domain that thrusts it toward the CH1 enclosure of C8␣.
In the C8 crystal structure, C8␣ responds to this motion in several ways, most notably via a commensurate (30°) opening/ twisting of its ␤-sheet. However, this motion significantly reduces favorable interactions between its own EGF domain and CH1 (the latter moves in concert with the ␤-sheet, because it is part of the lower segment). Thus, the EGF-CH1 interface in C8␣ is 360 Å 2 versus 750 Å 2 in C6, resulting in decreased order and weak or nonexistent electron density for parts of C8␣ and its EGF domain. The opening of the C8␣ sheet also necessitates a repacking (and weakening) of the CH2-CH3 interface as noted above, i.e. the transformation from a closed auto-inhibited state seen in our C6 structure to a more "open" and more activated conformation as seen in C8␣ leads to a weakening of the restraints that stabilize the helical conformations of both CH1 and CH2 (thus promoting their unfolding and transformation into ␤-hairpins).
A further key observation here is that the rotation of the regulatory segment of C8␤ drives the opening and twisting of the ␤-sheet of its clockwise partner (C8␣), but it has little effect on its own sheet, i.e. it is the rotation of the regulatory segment that rationalizes the directionality (clockwise) of pore formation (C8␤ will only open when it gains a counter-clockwise partner).
Why is the C8␣␤␥ module, with its tandem MACPF domains, required for regulated MAC assembly? Two possible reasons are as follows. (i) It may have evolved its dimeric form to provide a pair of rigid building blocks to propagate pore assembly with the correct curvature. (ii) Once the critical high energy task of assembling the membrane-bound C5b-7 complex has been accomplished, the partly activated conformation of C8 may provide a fast/low energy pathway enabling facile binding to both C5b-7 and the first C9, resulting in rapid propagation of the nascent pore.
Model for MAC Initiation-The binding of C6 and C7 to C5b via their C-terminal modules (FIMs and/or CCPs) primes them initially to form a reversible complex, which then reorganizes into an irreversible complex, C5b-7, that attaches to the target membrane (3, 60, 61) . C5b may promote this process in several ways as follows: (i) simply by bringing the partners into close apposition; (ii) by releasing constraints (e.g. removing the CCPs and FIMs) on the upper segments, thereby promoting formation of an initial encounter complex; and (iii) by binding to the top of the C6-C7 pair (as it does in the mature MAC), a process that could push down on the TS3 domains of C6 and/or C7, thereby promoting rotation/activation of their regulatory segments. We note that a role for the TS3 domain in regulating assembly is supported by studies of an inhibitory antibody that maps to TS3 of C6 (62) .
Nevertheless, the bimolecular association of C6 and C7 is rate-limiting for membrane association, with an activation energy estimated at 35 Ϯ 2 kcal/mol (60, 63) , consistent with the need for large conformational changes. We assume that C5b-bound C6 and C7 first form an encounter complex by binding via their wedge domains, as described above. We will further (arbitrarily) assume that C6 is the clockwise partner of C7 (see Fig. 7 and supplemental Fig. 9 ). Although there is good shape and charge complementarity between the wedge domains, computational modeling suggests that steric clashes would occur at several other points, notably between the CH3 domain of C7 and the ␤-sheet of C6 (on the inner surface of the nascent pore, see Fig. 5A ) and between TS2 of C7 and the linchpin helix of C6 on the outer surface (Fig. 5B) . These clashes would be relieved by rotation of the regulatory segment, with TS2 repositioned to augment the C6-C7 interface, and the EGF domain of C7 driven into the C6 enclosure, forcing open its neighbor's ␤-sheet.
We do not know what provides the final trigger for the creation of the membrane-bound C5b-7, but we hypothesize that, while transiently resembling the C8␣␤ complex, C5b-7 lacks its additional (evolved) stability, such that the opening of the sheet and rotation of the regulatory segments are sufficient to trigger dislocation and unraveling of the CH1/2 elements to form ␤-hairpins (Fig. 6) .
Modeling of the ␤-hairpins of C6 and C7 suggests that they are long (ϳ50 Å) and amphipathic enough to insert partially into membrane, but not span it, consistent with radiolabeling C5b-9) . A, two views of the C5b-9 complex, seen from the inside (left) and outside (right) of the pore. C6 through C9 were initially modeled from the C6 and C8␣ crystal structures. C5b was modeled from C3b and placed on top of MAC at a position consistent with EM images. The complex is shown as a solvent-accessible surface, colored primarily by subunit, except that the amphipathic transmembrane regions are red, and the CH3 elements are yellow. Two inserted panels show the selected regions as the secondary structure ribbons. B, schematic of the C7-C6-C8␣-C8␤ complex, hypothesized to form a small membrane-spanning pore that is facilitated by the unusually short hairpins of C7. The upper segments maintain low curvature, so that the leading edge of the growing ␤-sheet remains available for binding the next recruit and promoting its membrane insertion. C, two views of an atomic model for the mature MAC, viewed from different directions. The blue-orange bar represents a membrane bilayer.
experiments (11, 17) and the lack of pore formation (60) at this stage. We also note that the TS1 domain has the appropriate length to provide the third leg of a tripod to support the body of the MACPF domains at the correct height above the membrane surface for pore formation. The height (ϳ50 Å) is also consistent with the predicted hairpins of C8 and C9, which have ϳ30 hydrophilic residues at the starts and ends of the amphipathic membrane-spanning sequences adopting extended conformations above the membrane.
Intriguingly, rotation of the regulatory segment of C6 produces a large shift of TS1, such that is brought into close contact with the beginning of the nascent ␤-hairpins, where it might provide the final trigger to release the CH1 domains and/or create a local disruption of the membrane to promote insertion of the ␤-hairpins. Whatever its precise role(s) in promoting MAC initiation, it is intriguing that the TS1-TS2 tandem pair is conserved in the most ancient characterized C6 MAC-like component from cartilaginous fish (64) (whose earliest common ancestor with humans existed about 500 million years ago), as well as in a C6-like molecule from the chordate, amphioxus (65) .
Final Steps in MAC Assembly-We propose that our general model of unidirectional transmission of conformational changes applies to the addition of each new protomer to the nascent/growing MAC (Fig. 6) . The next step is the encounter between membrane-bound C5b-7 and solute phase C8␤ within the C8␣␤␥ complex (66) . C6 should at this point resemble C8␣, with an open twisted sheet in contrast to the more closed untwisted sheet of C8␤. Iterating the process described above, C8␤ approaches C6, forming an encounter complex. C6 then rotates its TS2 domain to complete the new C6-C8␤ interface, but in a concerted motion thrusts its EGF domain into the CH1 enclosure of C8␤. This drives the opening and untwisting of the C8␤ sheet, so that it closely resembles C8␣. In so doing, it also disrupts the CH3 elements of C8␣, causing them to release their grip on CH2. These motions would then bring the ␤-hairpins of four MACPF domains into close alignment and proximity, creating the possibility of forming a 16-stranded contiguous ␤-sheet (Fig. 7A) . The predicted hairpins of C8␣ and C8␤ are amphipathic and long enough to traverse the bacterial membrane. As noted above, the ␤-hairpins of C6 and C7 hairpins are only long enough to insert their tips into the membrane, but this may create a local disturbance of the membrane that lowers the activation barrier for the (energetically demanding) insertion of the C8 hairpins into and across the membrane.
Once C8␣ is activated and inserted into the membrane, sequential recruitment of C9 molecules can presumably ensue. Note that the mechanism at this point involves both the "trigger" for opening the ␤-sheet by the insertion of the EGF module of the "receiver" into the CH1 enclosure of the incoming recruit as well as a template in the form of an open membrane-inserted ␤-sheet. This pathway rationalizes the directionality (the trigger operates in a clockwise direction as viewed from above) of assembly as well as its sequential nature. Therefore, in contrast to the CDCs, membrane insertion does not proceed via the assembly of a pre-pore above the membrane. Rather, a pore begins to form once C5b-8 assembles at the membrane, and the pore grows in size in a stepwise fashion as each new C9 is added, with each new recruit inserting two further ␤-hairpins, sequentially enlarging the pore (12, 21, 67, 68) . Indeed, modeling suggests that it is sterically feasible to build a circular assembly starting with just four MACPF elements (Fig. 7B) , and experiments suggest that the addition of only a single C9 is sufficient to create a transmembrane pore (69) . The second ␤-hairpin of C9 (residues 200 -260) has a large hydrophilic loop at its tip (residues 225-240) that may provide a strong anchor that is key to the formation of a stable membrane-permeating pore. However, the pore does not become SDS-stable until the MAC is complete (14) . Based on our assembly model, we have built hypothetical atomic models of the MAC (Fig. 7C) as well as poly(C9) (supplemental Fig. 10 ).
Summary and Future Directions-In summary, although sequential assembly of the MAC pore via a series of distinct intermediates appears to be unique to the MAC, our model shares the following two major features with those of CDC pores (56): (i) opening of the ␤-sheets as a key step in assembly that releases the membrane-inserting elements; (ii) the orientation of the MACPF/CDC domain within the pore (which contrasts with the model proposed for perforin (22) ). Furthermore, our detailed comparisons between C6 and C8 have allowed us to propose a novel mechanism of pore initiation and propagation, one that emphasizes roles for the auxiliary domains in this process. Thus, we propose what drives sheet opening, why assembly is unidirectional and sequential, and how a contiguous barrel is formed. It seems likely that all MACPF-based pores will have a similar architecture, although the mechanistic details of assembly will necessarily be influenced by the nature of the auxiliary domains.
Finally, although we are aware of the speculative nature of our model for MAC assembly, we note that it is readily testable. For example, crystal structures of stable subassemblies on the pathway to MAC formation, such as the C5b-6 and C5b-7 complexes, should reveal how C5b activates C6 and C7, and whether C6-C7 in the context of C5 does indeed resemble C8␣␤. To define the orientation of the MACPF domains within the assembled pore, EM studies of the MAC (and also poly(C9)) are required at a resolution that allows the orientation of the constituent domains to be defined unambiguously; this may also require antibody labeling of defined epitopes on the predicted lumen (e.g. the CH3 and C8␥ domains) and outer surface (e.g. TS3 domain) of the pore. Our results would also suggest that further modeling of the perforin pore be performed, allowing for the possibility of sheet opening.
